initial selection step must be about as precise as proofreading, i.e., not more than 1 out of 10-100 near-cognate ternary complexes should pass the initial selection Therefore, the full discrimination potential of intrinsic complexes is not used for tRNA selection due to high stability differences cannot be used due to the high rate rate of GTP hydrolysis in the cognate complex. tRNA of the following GTPase step, and thus the accuracy of selection at the initial selection step is entirely kinettRNA selection is reduced (Yarus, 1992). Indeed, there ically controlled and is due to much faster (650-fold) was practically no initial selection at 10 mM Mg Thompson and Stone, 1977) . This suggested between the two tRNAs. Thus, the importance of preferthat in order to achieve the high overall selectivity, the ential stabilization of the cognate codon-anticodon complexes by the ribosome for tRNA selection remained unclear.
On the other hand, the crystal structures indicated that the structural rearrangement in the decoding center leads to a global conformational change of the 30S subunit, mainly consisting in a movement of the shoulder and the head domain of the 30S subunit from an open to a closed conformation . Those of the 30S rearrangements that take place on the 70S ribosome (Valle et al., 2003 ; Vila-Sanjurjo et al., 2003) may be related to the regulation of steps of A site binding following codon recognition that take place on the 50S subunit, such as GTPase activation of EF-Tu or proper positioning of aa-tRNA in the 50S A site (accommodation) (Pape et al., 1999) . However, the functional relevance of the selective acceleration of GTP hydrolysis for tRNA discrimination also remained obscure, owing to the low efficiency of initial selection at the conditions used in earlier experiments (Pape et al., 1999) In the present work we determined the respective contribution of the two recognition strategies, i.e., differ- For the present work we choose experimental conditions at which the overall fidelity of selection was high, due to high efficiency of both initial selection and proofcognate Phe incorporation was about 450, i.e., only 1 reading steps. Elemental rate constants of the steps out of 450 dipeptides formed was incorrect fMetPhe contributing to initial selection of ternary complex, EF- 
Results

and no polyamines was about 70 (Pape et al., 1999).
There is no experimental approach to measure the Initial Selection and Proofreading at Conditions of High Fidelity efficiency of initial selection directly, whereas the efficiency of proofreading alone can be readily determined. First, we tested whether high fidelity of translation can be achieved in our experimental system and determined
The contribution of initial selection can be calculated from the values of overall selectivity and proofreading, the relative contributions of initial selection and proofreading. Ribosomes were programmed with a 120 nt because overall selectivity is given by the product of initial selection and proofreading (Fersht, 1998). To mealong mRNA containing a Shine-Dalgarno sequence and an AUG start codon followed by a CUC triplet coding sure the efficiency of proofreading, ribosomes programmed with CUC in the A site were mixed with nearfor leucine. To achieve high accuracy of initial selection, a buffer system was chosen with low Mg 2ϩ concentration cognate ternary complex, EF-Tu·GTP·Phe-tRNA
Phe
, and the formation of incorrect fMetPhe dipeptide was moni-(3.5 mM) and two polyamines, spermidine (0.5 mM) and putrescine (8 mM), mimicking conditions found in bactetored. In the absence of cognate competitor, all nearcognate ternary complex entered the ribosome and rial cells (Neidhardt, 1987 At high-fidelity conditions, similar efficiencies of initial selection and proofreading were found, contributing seAt the present conditions, referred to as high-fidelity conditions in the following, the selectivity against nearlectivities of about 30 and 15, respectively, to the overall Phe . To obtain the rate constant of dissociation of the codon-recognition complex, k -2 , muwas used as near-cognate substrate on CUC, rather than Leu-tRNA Leu on UUU as in the previous experitant EF-Tu(H84A) was used, which was virtually inactive in GTP hydrolysis, whereas the rate constants of all ments.
steps preceding GTP hydrolysis were not affected ( , whereas on CUC the fluorescence increase followed by a decrease (not shown). By analogy to the cognate case and based on rate of GTP hydrolysis was 0.4 Ϯ 0.1 s -1 throughout the titration ( Figure 3E ). Apparent rate constants of GTPase the previous assignment (Pape et al., 1999) , the apparent rate constant of the first step was attributed to codon activation measured by mant fluorescence were identical to those of GTP hydrolysis, both on UUU and CUC recognition. From the titration shown in Figure 3B , k app at saturating ribosome concentration was 270 Ϯ 30 s , indicating that GTP hydrolysis was rateaffinity is higher for the near-cognate substrate, the ribolimiting for all following steps. Therefore, the true value some cannot discriminate ternary complexes on the bafor k 5 ϩ k 7 , and, with that, individual values of k 5 and k 7 , sis of apparent affinities. However, from the ratio of k cat / could not be determined for the near-cognate case at K M values for cognate and near-cognate ternary comthe present high-fidelity conditions. plexes, the efficiency of initial selection was 60, which is not far from the measured value of 30 (Figure 1 ). This Kinetic Determinants of aa-tRNA Discrimination indicates that the selectivity due to different stabilities is On the basis of the rate constants of Figure 4 , the effiineffective because of the high rate of forward reactions, ciency of discrimination can be calculated for conditions and that the major source of selectivity is the difference at which rapid GTPase activation and GTP hydrolysis in the rates of GTP hydrolysis in the cognate and neardo not allow for the equilibration of the codon recognicognate substrates. tion step. In this case, the efficiency of initial selection
The 2-fold difference between calculated (60) and is given by the ratio of k cat /K M values of the GTPase measured (30) initial selection efficiencies is attributed reaction for cognate and near-cognate substrates. For to slightly different kinetic properties of Phe-tRNA Phe , the cognate ternary complex, codon recognition, k 2 , is for which the kinetic mechanism was solved, and Leurate-limiting for all subsequent forward steps, hence tRNA Leu used as cognate substrate in the experiments of k cat ϭ k 2 ϭ 190 s -1 . The K M value reflects the distribution Figure 1 (data not shown) . In addition to initial selection, of the substrate (ternary complex) between all populated 94% of near-cognate aa-tRNAs are rejected at the proofstates of the ribosome prior to GTP hydrolysis, i.e., initial reading stage (Table 1) , yielding efficient overall discrimbinding complex, codon recognition complex, and GTPaseination against near-cognate aa-tRNA, while cognate activated state. As both k 3 and k GTP are much larger than k 2 , K M ϭ (k 2 ϩ k -1 )/k 1 ϭ 2.0 M (Figure 4 ; Supplemental aa-tRNA is accommodated rapidly. , the intrinsic rate constant of GTP hydrolysis proofreading after GTP hydrolysis, are required for effimust be much higher than that in order to compensate cient tRNA discrimination under any experimental confor the roughly 20-fold excess of competing noncognate ditions, and it is therefore very likely that the two steps ternary complexes. Thus, the attainable fidelity of aaoperate also in vivo.
tRNA selection is compromised in order to achieve rapid translation.
Kinetic versus Thermodynamic Discrimination
Differences in aa-tRNA stabilities in the proofreading The important question is why the differences in the phase cannot be determined under high-fidelity condithermodynamic stabilities between the cognate and tions, because GTP hydrolysis is rate-limiting under these near-cognate aa-tRNA should not be sufficient for highconditions and values of k 5 and k 7 cannot be determined fidelity selection. In each selection step, initial selection separately. However, because the efficiency of proofand proofreading, not more than 1 incorrect in 10-100 reading varies only within a factor of three at quite differcorrect amino acids is allowed, in order to achieve the ent ionic conditions (Figure 1 
Determination of Rate Constants Ribosomes, EF-Tu, and tRNAs
Apparent rate constants were determined by exponential fitting, Ribosomes from E. coli MRE600, wild-type EF-Tu, and tRNAs were using up to three exponential terms (characterized by variable time prepared as described ( 
